The mechanisms by which quinolones rapidly kill are ill defined. We have investigated the action of ciprofloxacin on Escherichia coli KL16 with a combination of traditional and flow cytometric methods and have analyzed cells for changes in membrane potential, membrane integrity, oxidative metabolism, morphology, and viability. Log-phase cultures were exposed to various concentrations (0.1, 1, 10, and 100 times the MIC) of ciprofloxacin and analyzed at regular intervals over 120 min. We also measured protein synthesis in the related strain PQ37 cultured under the same conditions over 300 min, using a colorimetric assay for ␤-galactosidase release. Despite a 3-log order decrease in CFU after 60-min exposure to 10 and 100 times the MIC of ciprofloxacin, there was no equivalent decrease in bacterial numbers as determined by both light microscopy and flow cytometry. Furthermore, while these bacteria showed concentration-dependent morphological changes, most were capable not only of excluding the fluorescent nucleic acid-binding dye propidium iodide, but also of reducing the tetrazolium dye cyanoditodyl tetrazolium chloride. Over 90% of the bacteria maintained a membrane potential [as determined by exclusion of bis-(1,3-dibutylbarbituric acid) trimethine oxonol] when exposed to ciprofloxacin for 120 min, except at 100 times the MIC, when this figure fell to <10%. Finally, protein synthesis was either maintained or induced at all concentrations of ciprofloxacin up to 5 h postexposure. Taken together, these results demonstrate the continuing physical and metabolic survival of ciprofloxacin-exposed bacteria; we suggest parallels with the concept of the viable nonculturable state.
DNA gyrase has been identified as the primary target for quinolones (10, 28) . However, our understanding of the molecular mechanisms leading to loss of bacterial viability remains incomplete. Some investigators have suggested that quinolones induce membrane permeability changes and that these lead to loss of integrity, leakage of cytoplasmic constituents, and cell death (6, 7) . Additionally, quinolones are often described as being rapidly bactericidal because no cells are recoverable by standard methods of culture (2, 3, 12, 25) . There is, however, evidence that cells remain viable despite their inability to form colonies on agar. For example, induction of the SOS response continues for at least 2 h after exposure of bacteria to the drugs (7, 12) . The bacteria continue to elongate (and hence to grow and initiate new rounds of protein synthesis) while the viable-cell count falls (25) . Assessment of bacterial killing by viable counts may therefore simply reflect the ability to form colonies with no regard to the ability to survive. Accordingly, we have investigated the physical and physiological characteristics of individual bacteria exposed to ciprofloxacin, using light microscopy and flow cytometry, in addition to their ability to form colonies on solid media.
Flow cytometry allows for the simultaneous measurement of several optical characteristics (e.g., light scatter and fluorescence) of individual organisms at a rate exceeding 1,000 cells per s. Specific physiological functions of the cell of interest can therefore be probed with selected fluorescent dyes. One such dye, bis-(1,3-dibutylbarbituric acid) trimethine oxonol [DiBAC 4 (3) ], a lipophilic anion, enters into eukaryotic cell membranes only if their membrane potential has collapsed (29) . Mason et al. (15) have extended the use of this dye to prokaryotes and have demonstrated its application to the detection of antibiotic-induced killing. In contrast, propidium iodide (PI), a small cationic molecule, binds tightly to nucleic acids if it is allowed access to them through a damaged cell membrane. Gant et al. (9) have exploited these vital dye-like properties to detect antibiotic-induced cell membrane damage. Finally, cell respiration can be detected by the use of tetrazolium dyes; some of these compounds are converted to an insoluble fluorescent formazan at the site of electron transport by acting as a terminal electron acceptor. Rodriguez et al. (22) have exploited these properties by demonstrating that only environmental organisms that were metabolically active were rendered fluorescent after exposure to cyanoditodyl tetrazolium chloride (CTC).
We have determined the effects of different concentrations of ciprofloxacin on Escherichia coli KL16, using these three fluorescent dyes and flow cytometry. In addition, we assayed synthesis of ␤-galactosidase in the related strain PQ37 under similar conditions of ciprofloxacin exposure.
MATERIALS AND METHODS
Bacterial strains, media, and antibiotic. The bacterial strains used were E. coli KL16 (11) and E. coli PQ37, which harbors an SOS gene fusion (sulA::lacZ) (20) . Cultures were grown in Iso-Sensitest broth or brain heart infusion broth (both filtered through a 0.2-m-pore-size filter for flow cytometry) at 37ЊC on a shaker at 200 rpm (unless otherwise stated). Ciprofloxacin was a gift from Bayer (Newbury, United Kingdom); the compound was initially dissolved in 0.01 N NaOH and then diluted to required concentrations in sterile deionized water.
Susceptibility testing. The MIC of ciprofloxacin was determined by using a standard broth dilution method and Iso-Sensitest broth (27) . Each dilution was inoculated with a sample of an overnight culture of E. coli to give a final concentration of 10 5 CFU/ml (as determined by plate count) and incubated for 18 h at 37ЊC. The MIC was defined as the lowest concentration to inhibit visible growth. The ciprofloxacin MICs for E. coli KL16 and PQ37 were 0.06 and 0.03 g/ml, respectively.
Experimental design. E. coli KL16 or PQ37 was grown to early logarithmic phase (10 7 CFU/ml) in Iso-Sensitest broth. Cultures of E. coli KL16 were divided into five equal volumes (25 ml); ciprofloxacin was added to four of the cultures at 0.1, 1, 10, and 100 times the MIC. The fifth culture was retained as a control, and all cultures were incubated for 120 min. A 1-ml sample was removed from the control culture prior to incubation, and further 1-ml volumes were removed from all cultures after 15, 30, 60, 90, and 120 min. Each sample was spun for 1 min in an Eppendorf centrifuge at 13,000 rpm, and the pellet was washed in Iso-Sensitest broth once and finally resuspended in fresh Iso-Sensitest broth. Three aliquots (0.2 ml each) were stained with DiBAC 4 (3), PI, or CTC for flow cytometric analysis as described below. The remainder of the washed sample was used for plate counts.
Cultures of E. coli PQ37 were treated with ciprofloxacin (10 times the MIC) and incubated for a further 300 min at 37ЊC. Samples (0.3 ml) were removed from the culture at 60-min intervals and then assayed for ␤-galactosidase as described by Quillardet and Hofnung (21) . Units of enzyme activity were calculated according to the formula used by Miller (17) : units of ␤-galactosidase activity ϭ 1,000[A 420 Ϫ (1.75 ϫ A 550 )/t ϫ v ϫ A 600 ], where A 420 and A 550 were the absorbances at the relevant wavelengths after t min and v was the reaction volume. A 600 was the initial absorbance of the culture.
Experiments were performed in triplicate; typical results are shown. Viable counts. Counts of CFU were used as an independent estimate of bacterial viability for all experiments. These counts were carried out by the method of Miles et al. (16) with the exception that aliquots were transferred to nutrient agar.
Flow cytometric determination of bacterial fluorescence and light scatter. A stock solution (1 mg/ml) of DiBAC 4 (3) (Molecular Probes, Inc.) in acetone was diluted in 70% ethanol to a final concentration of 100 g/ml. PI (Sigma, Poole, United Kingdom) was dissolved in deionized water to give a final concentration of 100 g/ml. A fresh 8 mM stock solution of CTC (Polysciences Inc.) in Iso-Sensitest broth was prepared before each experiment. DiBAC 4 (3) or PI was added to aliquots (0.2 ml) of washed cell suspensions at each time point (see ''Experimental design'') to give a final concentration of 10 g/ml, and the mixtures were incubated at room temperature for 5 min. Aliquots (0.2 ml) of bacterial suspensions were incubated with CTC in a ratio of 1:1 (to give a final concentration of 4 mM) for a further 30 min at 37ЊC before flow cytometric analysis.
As a positive control of dye performance, a culture of E. coli KL16 in early logarithmic phase was fixed with 70% ethanol, washed, and resuspended in fresh Iso-Sensitest broth before exposure to DiBAC 4 (3), PI, or CTC as described above.
Flow cytometric analysis was carried out with a Bryte HS (Bio-Rad, Hemel Hempstead, United Kingdom) dual-parameter mercury-xenon arc lamp-based instrument. The instrument is equipped with two light scatter detectors (Ͻ15Њ and Ͼ15Њ) and two fluorescence detectors (beam split at 520 nm). The maximum emission wavelengths of DiBAC 4 (3), PI, and CTC are 516, 617, and 604 nm, respectively. Fluorescence detection (gated by light scatter parameters) was carried out with a filter block with the following characteristics: excitation, 470 to 490 nm; band stop, 510 nm; and emission, Ͼ520 nm. All detectors were used with logarithmic amplification; sample flow and sheath pressure were set at 2 l min Ϫ1 and 0.7 kPa ⅐ cm
Ϫ2
, respectively. Light microscopy. Cell morphology and bacterial concentration were determined with a Neubauer counting chamber mounted on a Diaphot (Nikon, Kingston, United Kingdom) inverted microscope with an attached Nikon camera body. The number of bacteria in five fields was determined for each sample, using the 40ϫ objective lens with bright-field illumination. The mean bacterial concentration per milliliter was then calculated. Microscope images were also transferred to a monitor with a JVC TK870E video camera. Estimations of cell length were then made by holding a calibrated piece of string along the longitudinal axis of the cells, measuring the length required, and converting the measurement to micrometers. The mean cell length (Ϯ1 standard deviation) for at least 25 organisms from each culture at 120 min was then calculated.
RESULTS
Viable counts. The number of CFU had decreased by 2 log orders with 10 and 100 times the MIC after 30 min (Fig. 1) . This was followed by a further decrease to 3 log orders after 120 min. Viable counts for the culture exposed to the MIC remained constant, and those for the control culture and the culture exposed to 0.1 times the MIC increased over the 120-min period.
Shifts in bacterium-associated fluorescence subsequent to fixation. Figure 2 represents data obtained from E. coli KL16 fixed with ethanol during early log phase and exposed to DiBAC 4 (3), PI, or CTC. It shows that DiBAC 4 (3)-or PIassociated fluorescence of fixed cells increases in intensity by at least 1 log order. The same cells stained with CTC exhibited a log order decrease in fluorescence intensity. These results confirm that destruction of the membrane potential and membrane integrity and abolition of respiration in E. coli KL16 increase cell-associated fluorescence of DiBAC 4 (3) and PI and decrease that of CTC. . This minor increase over the control value was consistent but did not reach statistical significance at the 5% level (Mann-Whitney U test). In contrast, exposure to 100 times the MIC rendered more than 95% of the bacteria stainable by DiBAC 4 (3).
(ii) Membrane integrity. PI stained between 0.7 and 1.5% of the cell population exposed to 0.1 times the MIC throughout 120 min, values similar to those seen for cells from the control culture. With other concentrations of ciprofloxacin, the percentages of stained organisms (with abnormally permeable cell membranes) remained between 0.6 and 2.5% up to 60 min of incubation. By 90 min, the percentages of cells fluorescing from cultures exposed to 1, 10, and 100 times the MIC were 7 to 9% (Fig. 4) .
(iii) Respiratory activity. Respiratory activity, as determined by the reduction of CTC, was unaffected by ciprofloxacin concentrations up to 10 times the MIC for 90% of cells from cultures exposed to 0.1, 1, and 10 times the MIC fluorescing after 120 min of exposure to the drug (results not shown). Interestingly, the proportions of fluorescent cells from the control culture and the culture exposed to 100 times the MIC had decreased to 67 and 57% respectively, after 120 min.
Bacterial cell counts. Figure 5 shows counts of bacterial cells as determined with the flow cytometer. These counts were similar to those calculated manually using the counting chamber (results not shown). Counts for the control culture and the culture exposed to 0.1 times the MIC increased over the 120-min incubation; counts for cultures exposed to 1, 10, and 100 times the MIC remained constant.
Cell morphology. The average lengths of cells from the control culture and those exposed to 0.1 times the MIC of ciprofloxacin did not change (3.2 Ϯ 1.1 m) during the experiment. Fig. 6b . Cells exposed to 100 times the MIC of ciprofloxacin were not filamentous, although their mean length (6.7 Ϯ 3.9 m) was greater than those for the control culture and the culture exposed to 0.1 times the MIC (Fig. 6c) . Representative forward-angle light scatter histograms for the cultures shown in Fig. 6a to c are shown in Fig. 6d to f. They show that filamenting cells from cultures exposed to the MIC (and also 10 times the MIC) exhibited a log order increase in forward-angle light scatter. SOS induction. Ciprofloxacin (10 times the MIC) induced expression of the sulA::lacZ gene fusion in E. coli PQ37. ␤-Galactosidase activity increased exponentially for 120 min and continued to increase linearly for a further 300 min, indicating continued de novo protein synthesis in the presence of the drug (Fig. 7) .
DISCUSSION
When estimating viable counts with conventional microbiological techniques, it is important to consider the delay of 18 to 24 h between plating out and observation of the ability to form colonies, the traditional measure of viability. Our results indicate that cells in broth culture exposed to concentrations of ciprofloxacin up to 100 times the MIC remain metabolically active despite their inability to form colonies on solid media. Cultures exposed to ciprofloxacin at up to 10 times the MIC exhibited no change in membrane potential over 120 min, as determined by the persistently low uptake of DiBAC 4 (3). This is in sharp contrast to the rapid depolarization of more than 90% of E. coli cells exposed to gentamicin (15) . The membrane potential, however, was extensively perturbed subsequent to exposure to 100 times the MIC of ciprofloxacin. This concentration-dependent effect may be due to ciprofloxacin complexing with membrane-stabilizing cations (1, 26) ; such an effect may be revelant to some in vivo situations in which a concentration of 100 times the MIC may prevail (18) .
A small proportion of cells in a growing bacterial culture showed DiBAC 4 (3)-or PI-associated fluorescence. This reflects the dynamic and heterogeneous nature of bacterial cultures (14) ; such heterogeneity may be responsible for the small percentage of cells (7 to 9%) fluorescing with either dye in the presence of ciprofloxacin. Cultures were at no time in a steady state of growth, and it is possible that the drug may have favored the growth of tolerant subpopulations in the time frame of these experiments (8) ; this possibility would need to be addressed with a chemostat culture system. The decrease in CTC-associated fluorescence from cells of the control culture after 120 min may be due to part of the population entering the stationary phase of their growth curve and de-energizing subsequent to nutrient exhaustion; it is possible that the decrease in CTC-positive cells after 2 h in the presence of 100 times the MIC relates to the apparent collapse of the membrane potential also seen at that time.
Filamentation and vacuolation of ciprofloxacin-exposed E. coli organisms, relating to SOS induction (19) , have been observed by a number of investigators (5, 7, 25) . It has been suggested that polar vacuoles which develop during filamentation are responsible for the collapse and lysis of the cell (7). Diver and Wise (5) differed and reported that filamentation and subsequent vacuolation were not significant in ciprofloxacin-induced cell death. By monitoring accumulation of [ 3 H]proline, they found that there was no cytoplasmic leakage during 120 min of exposure to ciprofloxacin. Our results relating to PI exclusion and static bacterial cell counts during the experiments support these findings. Filamentous cells scattered more light in the forward direction than nonfilamentous cells, as detected by the flow cytometer. Measurement of forward-angle light scatter in this way has been used to estimate size of spherical particles (4); how the length of a gram-negative rod relates to the degree of forward-angle light scattering is unclear and is likely to depend on several as-yet-undefined optical and physical characteristics. Nevertheless, the ability of flow cytometry to detect changes in individual cell morphology at a rate of 10 3 bacteria per s provides a rapid means for the objective assessment of the heterogeneity in cell size and shape within a bacterial culture.
The dissociation of growth and the ability to form colonies subsequent to ciprofloxacin exposure has been observed before (7, 25) . Our experiments extend these findings by further defining the persistent physical and metabolic survival of such ciprofloxacin-exposed organisms. Kaprelyants and Kell (13) used similar techniques applied to Micrococcus luteus to examine the existence of a ''vital'' state, i.e., one in which membrane potential is maintained in the face of an inability to form colonies on solid media. The existence of such viable but nonculturable states has been reported as a possible survival strategy of bacteria in the environment (23, 24) . It is possible that high concentrations of quinolones induce biochemical changes (other than SOS induction) which cause organisms to enter some form of viable but nonculturable state, and it is evident from Fig. 7 that protein synthesis and export continue after at least 5 h of exposure to 10 times the MIC of ciprofloxacin. In this context, we are investigating the properties of organisms with persisting metabolic activity after 24 h of exposure to ciprofloxacin.
Our demonstration of continuing respiratory activity, particle integrity, and protein synthesis in the presence of ciprofloxacin raises questions as to the effect of quinolones on production of secreted bacterial products, in which the ability of cells to grow and multiply is largely irrelevant. Such organisms in a quinolone-induced viable but nonculturable state might well be capable of continued production of moieties relevant to the host response.
Our results provide evidence that ciprofloxacin does not have a direct action on the membrane. Furthermore, the drug promotes the dissociation of metabolic and physical survival from the ability to form colonies on solid media. Finally, our novel finding of perturbation of the membrane potential at 100 times the MIC warrants further investigation; however, this perturbation is neither present nor necessary at lower concentrations which prevent colony formation.
